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157} ABSTRACT

A thermally driven gas resonance device includes a
resonance tube (3) which expands in cross-section along .
its length from one end to the other, a heat source (2)
located at the one end of the resonance tube, and an

igniter (14) to trigger oscillations in a gas in the tube.

The heat source (2) is preferably a pulsed heat source -
having a repetition frequency corresponding to a reso-
nant frequency of the gas tube (3). The mechanical

energy produced in the oscillating gas may be used to =~ :

operate a pressure swing gas separator by including a -
bed (16) of molecular sieve material in the other end of
the tube (3). Alternatively, the mechanical energy may
be used to drive a heat pump (19). In this case a heat sink
(21) is located at the other end of the tube (3), a regener-
ator (20) is also located adjacent the other end, and

ports (8) on the side of the regenerator (20) towards the - .

heat source (2) effect heat exchange between the gasin -
the resonance tube (3) and a source of low grade heat.

. 4 Claims, 6 Drawing Sheets
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- ing a tube at room temperature mto a cryogenic storage

1
- GAS RESONANCE DEVICE

This is a continuation of application Ser. No. | 17,783, '_

- filed Nov. 6, 1987, now abandoned.
" “Inan oscillating column of gas a small reglen of the gas
is initially displaced in one direction, is compressed,
moves back in the opposite direction, and expands.
Durlng compressmn the gas is heated and, during
expansmn is cooled. When such an oscillating column of
gas is brought into contact with a stationary solid

—_—3

2
vessel.
A reasoned discussion of these effects is given in an

article by Wheatley, Hofler, Swift and Migliori entitled
“An intrinsically irreversible thermoacoustic engine”

published in the American Journal of Physics Volume

53 (2) February 1985, at page 147.
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medium, heat transfer takes place between the gas and

the medium. When the medium has a high effective heat
capacity compared with that of the gas and a low thermal
conductivity in the direction of advancement of oscilla-
tions of the gas, it stores heat acquired as a result of the
adiabatic compression of the gas and then, returns this
stored heat to the gas after its expansion. Whilst this 1s
true for regions of gas which are always located adjacent
the medium a different situation exists at the ends of the
“medium. At the downstream end of the medium, when
considered in the direction of advancement of the
oscillation, a region of gas which is in thermal contact
with the ends of the medium is moved in the one direction

away from the medium and compressed during oscilla-

tion. The gas is heated upon compression. Upon subse-

quently moving in the other direction and expanding it -

returns to its position adjacent the end of the medium.
Here, since it cools during expansion, it once again
accepts heat from the medium. This gives rise to a region
of heated gas downstream from the downstream end of
- the medium. Conversely, at the upstream end of the
medium particles of gas which are not normally in
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contact with the medium move forward in the one

direction during the oscillation are compressed and:4s

heated and then in their forward position are in thermal
contact with the medium so giving heat to the medium.
As this region of gas moves backwards in the opposite

" direction to return to its initial position, it expands and.
cools. Since in their initial position the particles of gas are - 4g
out of thermal contact with the medium this givesrisetoa:

cold region upstream from the upstream end of the
‘medium.

Such a medium located in an oscillating gas column is
usually referred to as a regenerator and is often used
with Stirling cycle engines. Typically such a regenera-
tor must have as large a surface area as possible, a high
effective heat capacity compared with that of the gas
and a low thermal conductivity along the direction of
gas motion. Conventionally pads of randomly close-
packed metallic wire have been used as a regenerator
but it is also possible to use closely packed stacks of
non-metallic plates and these are more efficient with
regard to gas friction losses and heat transfer. Thus, the
use of a regenerator enables a temperature difference to

be established from an oscillating gas flow. Conversely,

it is also known that if a temperature difference of suffi-
cient magnitude is applied across such a regenerator
oscillations are spontaneously induced in gas surround-
ing such a regenerator.

It is also known that oscillations can be established in
a column of gas located in a resonance chamber by
simply applying heat to one end of the chamber if a
sufficiently high temperature differential is established.
As examples of this gas in an organ pipe can be made to
resonate by a hydrogen flame in the base of the pipe as
described by Higgins as long ago as 1777, and the Taco-
nis oscillations reported in 1949 experienced-when plac-

According to this invention a thermally driven: gas
resonance device comprises a resonance tube which

expands in cross-section along its length from one end

to the other, a heat source located at the one end of the

resonance tube, and means to tngger oscillations 1n a
gas in the resonance tube. |

The heat source may be formed by a simple, mdu'ect- |
heater in which the source of the heat such as an electri-
cal heating element or a gas or oil burner assembly is
used to heat a plate forming or located in the one end of
the gas resonance tube. Preferably the heated plate 1s
finned to improve the heat transfer from it to the gas at
the one end of the resonance tube. A regenerator may
be located in the resonance tube close to but out of
contact with the heated plate and from the means to
trigger the oscillations. The regenerator consists of a
material having a large surface area, a hrgh effective
heat capacity compared with that of the gas in the reso-
nance tube and a low thermal conductivity along the

length of the resonance tube, the arrangement being

such that, in use, the heat source sets up a temperature

gradient along the regenerator which triggers the oscil-

lations of the gas in the resonance tube. -
However, it is very much preferred that the heat |
source and the means to trigger the oscillations in the
gas in the resonance tube are both formed by a pulsed
heat source having a pulse repetition frequency corre-
sponding to a resonant frequency of the gas resonance
tube. Such a pulsed heat source may comprise a pulsed.
combustor or a resonant flame fed with a premixed
supply of inflammable gas or vapour and air through a
valve, followed by a flame trap, and an ignitor intially
to ignite the mixture in the one end of the resonance

~ tube or in a combustion chamber leading into the reso-
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nance tube. Preferably the valve to admit the mixture is
formed by a tuned non-return valve which, in response

to the pulsed combustion, oscillates between its open .

and closed states to admit bursts of mixture into the one .
end of the resonance tube or combustion chamber for.
subsequent ignition. The use of the pulsed heat source to.

trigger the oscillations in the gas in the resonance tube

provides easy starting under wide range of conditions,

followed by stable resonant operation. The ignitor may B
‘be formed by a sparking plug to cause initial ignition of

the pulsed heat source but, once ignited the pulsed heat -'
source is preferably self-sustaining. This may be as a

result of subsequent bursts of mixture being ignited by

the fading flame from a preceding combustion pulse, by
spontaneous ignition as a result of a compression wave
or by the ignitor having the form of a glow plug Wthh_ |
provides a local hot spot to cause ignition. -

The pulsed heat source may also include an mdlrect
heater located at the one end of the resonance tube. The
indirect heater may be formed by a heat exchange sur-
face heated by the pulsed heat source to spread the heat
of combusion substantially uniformly over the cross-

sectional area of the one end of the resonance tube.,
Preferably when the gas resonance device includes a

pulsed combustor the one end of the resonance tube 1s
formed as a parabolic reflector which spreads the effect
of the pulsed combustion more uniformly over the one
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“end of the resonance tube. In this case the pulsed com-

bustion is arranged to take place substantially at the
focus of the parabolic reflector. When the gas reso-
nance device includes a pulsed heat source it may also
include a regenerator which co-operates with a temper-
ature gradient subsisting across it to amplify the oscilla-
tions induced by the pulsed heat source.

With all of these arrangements to generate oscilla-
tions in the gas it is necessary to arrange the shape of the
resonance tube both to provide the required relative
pressure and adiabatic temperature amplitudes of the
two ends of the tube and to minimise gas wall friction
losses which tend to inhibit the resonant oscillations of
the gas. By having the resonance tube expanding in
cross-section from its one end to its other larger pres-
- sure and adiabatic amplitudes are developed at the smali
relative to large end and this is discussed in detail dy-
namical subsequently. Preferably the resonance tube is
generally frustoconical in shape with the ratio of base
diameter to height approximately equal to 1:3. Firstly
this provides a diameter to length ratio for the longitu-
dinal oscillation which can be thought of as a gas piston
to be as large as practical thereby minimising wall fric-
- tion losses. The resonant frequency of the resonance
tube depends mainly upon its length and is independent
of its shape. By making the resonance tube increase in
cross-sectional area from its one end to its other end it is
possible to increase the mass of gas-which oscillates and
thereby decrease its velocity for a given volume com-
pression ratio. Friction losses are proportional to the
cube of the gas velocity and consequently this reduces

“the friction losses considerably to enhance the perfor-
- mance of the resonance device. Preferably the reso-
nance tube has a frusto-ogival shape in longitudinal-sec-
tion so that, when seen in cross-section, its side walls are
- curved. This provides a further increase in the mass of
oscillating gas closer to the one end and so enhances the
‘reduction in friction losses still further.

The mechanical energy produced in the oscillating
gas in the gas resonance device may be used to operate
a pressure swing gas separator with a molecular sieve
material. One of the most straightforward arrangements
is to use the gas resonance device in an apparatus for the
pressure swing separation of oxygen from air. In this
case the other end of the resonance tube contains a
molecular sieve material, a gas exchange port is pro-
- vided on the side of the molecular sieve material
towards the heat source, and a gas outlet is provided
~upon the side of the molecular sieve material remote
from the heat source. During oscillation as air moves
forwards through the bed of molecular sieve material

- nitrogen is preferentially adsorbed by the molecular
sieve material. As the air moves backwards a reduced

pressure is created and gases adsorbed onto the surface

10

4

rated oxygen emerges below the bed of molecular sieve

‘material. |

‘Typically the molecular sieve material 1s an expanded
zeolite but active carbon may also be used. The molecu-

~lar sieve material preferably has sufficient surface area

to permit a high nitrogen adsorbtion rate and it has been
found that the cumulative rate of adsorbtion and de-
sorbtion is proportional to pressure swing and nearly
independent of cycle rate.

In an alternative configuration the mechanical energy

~.produced in the oscillating gas in the resonance tube is
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of the molecular sieve material are desorbed. Thus, -

when the molecular sieve material is subjected to the-

oscillations generated in the resonance tube nitrogen,
which is preferentially adsorbed by the molecular sieve

material tends to return to the inside of the resonance

tube and hence out of the gas exchange port, whereas
oxygen, which is less adsorbed by the molecular sieve
material, tends to be driven through the bed of the
molecular sieve material and out of the gas outlet at the
downstream side of the molecular sieve material. The
finite displacements of the gas that occur during oscilla-
tion create a mean pressure slightly above ambient in
the resonance tube so that a continuous flow of sepa-

65

used to drive a heat pump. In this case the gas resonance
device includes a heat sink located at its other end, a
regenerator located adjacent the other end, and means
on the side of the regenerator towards the heat source
to effect heat exchange between the gas in the reso-
nance tube and a source of low grade heat.

‘With this arrangement the effects discussed earlier
are used to provide a heat engine driven heat pump.
Thus the oscillations in the gas in the resonance tube are
applied to the regenerator to produce a temperature
differential across it with the gas downstream of the
regenerator at the other end of the resonance tube being
heated and with the gas upstream from the regenerator

being cooled. The heat exchange that takes place up-

stream of the regenerator provides the heat for the
expansion of the gas upstream from the regenerator and
provides the source of the heat which is pumped to
provide part of the heat removed by the heat sink at the
other end of the resonance tube. In addition to this the
heat sink at the other end of the resonance tube also
receives heat provided by the heat source. The appli-

cant has coined the acronym HASER to describe this

type of heat engine driven heat pump with the acronym
standing for “Heat Amplification by Stimulated Emis-

sion of Radiation” by analogy with the acronyms laser

and maser. _
When the source of low grade heat is the atmosphere,
it is preferred that a direct heat exchange takes place

between the atmosphere and gas in a region upstream of

the regenerator. To provide this gas exchange ports are
provided in the wall of the resonance tube at the posi-
tion of a pressure null point. As the longitudinal vibra-
tions pass down the resonance tube the atmosphere
tends to be drawn into the resonance tube through the
ports after the compression oscillation has passed the
ports. The gas that is drawn into the resonance tube
from the atmosphere then mixes with the gas in the
resonance tube with a resulting heat exchange taking
place between the gas from the atmosphere and the gas
already in the resonance tube. The next oscillation then
tends to drive the now cooled atmospheric-air out of the
ports. | | |
Preferably however the haser also includes a fan to
drive air from the atmosphere through the gas exchange
ports into the resonance tube. Preferably an outer cham-
ber surrounds the resonance tube with the fan located at
the top, that is the end of the resonance tube with the
heat source, and a corrugated annular baffle adjacent
the gas exchange ports to direct air blown by the fan
through half of the ports and allow cooled air to leave
from the other haif of the ports and flow through the
lower portion of the outer chamber. The air flowing
through the outer chamber absorbs heat given off from
the heat source and upper part of the gas resonance tube
and this heat is re-introduced into the system as part of
the low grade heat so further improving the heat output
of the haser. -
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The expansion of the cross-section of the resonance
tube from the one end of the other has further advan-

tages in a haser. The relative cross-sectional areas of the

two ends determine the compression ratio developed at
them. A small cross-section leads to a high compression
ratio and vice versa. The effect of this can be derived
from acoustic theory of small displacements and is de-
veloped for the particular example subsequently. The
expanding cross-section of the resonance tube from the
one end to the other leads to a high compression ratio
for the driving end and a low compression ratio at the
pump end and th13 provides the optimum thermal efﬁ-
ciency.

The heat sink at the other end of the resonance tube

may comprise a shallow pool of water and, in this case,
it is preferred that fins of a good thermal conductor

FIG. 6 is another graph illustrating how dlSplaeement
and density amplitudes vary with respect to tune over

the length of the resonance tube;
FI1G. 7 is a further graph ﬂlustratmg the effect of

ogival correction; and, S
FIG. 8 is a temperature agamst position dlagram to

- illustrate the operation of the regenerator.

10

Both the pressure swing gas separator shown in FIG
1 and the haser shown in FIG. 2 include a heat engine 1

formed by a pulsed heat source 2 mounted at one end of

- a resonance tube 3 which is ogival in longitudinal sec-

15

such as metal are in thermal contact with the pool of

water and extend in the space between the pool of water
and the. downstream side of the regenerator. Such a heat

sink has a good thermal contact with the hot gas down- 20

stream of the regenerator. The water in the pool is
circulated around a system to carry the heat away from
the other end of the resonance tube and this circulation

system may include non-return valves on both sides of

the pool so that the water is diiven around the system
by the pressure fluctuations inside the resonance tube
acting on the surface of the water in the pool.

Such a haser has particular application as a hot water
generator for use in heating and cooling a residential
building. The haser is typically located in the roof space
of a building and, in winter, the roof space is ventilated
or air from outside ducted to it so that air provides the
source of low grade heat. The heat sink at the other end
of the resoniance tube is used to heat water to a tempera-

ture of say 40° C. and this water is used for domestic hot

water requirements and is circulated around a central
heating system of the building. During summer the
haser is used to provide cooling for the building by
closing the ventilation of the roof space and opening

25

30

35

cooling vents in ceilings of the rooms below the roof 40

space or ducting the air leaving the haser to the rooms.
Water from the heat sink at the other end of the reso-
nance chamber is used for domestic hot water require-
ments and also is led away to a heat exchanger outside
the building where it is cooled. The resulting cool air
diseharged from the resonance tube cools the roof space
and, in turn, through the cooling vents in the ceilings, or
via the ducting cools the building.
- A pressure swing gas separator may be combined
with a haser by placing molecular sieve material in the
resonance cavity above the regenerator. With this com-

in nitrogen. Such an output is good for preserving per-

ishables and such a combined device provides a readily

portable, self-contained source of nitrogen enriched

cold air. |

- A particular example of a haser in accordance with

- this invention will now be described with reference to
‘the accompauying drawings, in which:

FIG. 1 1s a partly sectioned side elevation of a pres-

sure swmg gas separator;
 FIG. 2 is a partly sectioned side elevatlon of a haser;
FIG. 3 is a cross-section through a heat source;
- FIGS. 4a and 4b are diagrams illustrating the dimen-
- sions of the resonance tube and the gas displacements
for parallel and conical tubes, respectively;

FIG. 5 is a graph showing the charactenstlcs of the
‘resonance tube; 1 -

45

50

~ bination the output from the outlet ports is cool and rich
39

- such thickness that its natural frequency of axial oscilla- _'
tion is lower than that of the resonance cavity so that

65

- suction, and the former diminishes the extent of prema-

tion. The overall dimensions of the resonance tube 3 are
such that its height is about three times its base diame-
ter. A regenerator 4 may be included towards the top of
the resonance tube and this is made from a non-metallic .
honeycomb which is typically made from glass or a
glass-like material An outer concentric annular cham-
ber 5 surrounds the resonance tube 3 and an electrically -
driven fan 6 is mounted at the top to blow air down--
wards through the chamber §. A corrugated annular
baffle 7 directs the flow of air through aiternate open.
ports 8 provided in the side wall of the resonance tube

3 at a pressure null point. Air is discharged through the o

other ports 8 and a lower portion of the outer chamber |

5. The open ports 8 produce orifice flow and therefore

inwards air flow through alternate ports 8 is strongly

converging which ensures that charge and discharge * '

through the ports 8 is not unduly mixed.

The pulsed heat source 2 is shown in more detail in _
FIG. 3 and comprises a gas mixing space 9 to which gas -
and air are supplied and in- which they are mixed, a .
resonant non-return valve 10 of similar resonant fre-

“quency to that of the resonance tube 3, and a flame trap

11. The resonance non-return valve 10 may be similar to .
those fitted to two-stroke engines and comprise an open
port 12 covered by a springy plate 13 which is fixed
along one edge to the port 12. In response to the instan-

‘taneous pressure in the resonance tube 3 being greater
than that in the gas mixing space 9 the valve is held

closed with the springy plate 13 forming a seal against

the edges of the port 12, and in response to an instanta-

neous reduction in pressure in the resonance tube 3 with

respect to that in the gas mixing space 9, the springy = =

plate 13 bends to allow the gas and air mixture to pass
through the port 12 and into the resonance tube 3..
In a preferred configuration which leads to gas mix-
ture delivery more closely in phase with the resonance
chamber compression pulse, and thus to concomitant -

improvement in pulsed combusion, the resonance non- .

return valve consists of a metal disc of relatively large -
diameter, placed co-axially with the combustion cham-
ber, clamped at its edges to a slightly concave bedplate
in which the flame trap is centrally located. Gas mixture

is introduced at low pressure to an internal annulus . .

close to the clamped edges, and is thereby fed radlally ~
inwards in pulses towards the flame trap. The disc is of

the combined effect of the gas damping and the cavity

pressure pulses is to produce substantially antiphase -
oscillations of the disc at the resonant frequency of the
cavity. These oscillations introduce '
through the flame trap to the combustion chamber at
the time of pressure rise instead of the time of maximum

ture combustion, which is mefﬁt:lent with regard to heat "
engine 0perat10n "

gas mixture ©
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The pulsed heat source 2 also includes a sparking

plug 14 and the top of the resonance tube 3 is formed as
a parabolic reflector 15 which spreads the effect of the
pulsed heat source substantially uniformly over the end
of the resonance tube 3.

The heat engine 1 drives a gas oscillation down the
resonance tube 3 and the vertically oscillating mass of
gas functions as a piston producing pressure and adia-
batic temperature fluctuations at top and bottom of the
tube 3. The oscillations are triggered by the sparking
plug 14 initially igniting the gas and air mixture intro-
duced into the top of the resonance tube 3 and then, as
the gas in the tube 3 begins to resonate and the valve 10
introduces successive bursts of mixture these are ignited
by the fading flame from the previous ignition. This
produces a pulsed combustion which, in a device hav-

4,948,360
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8
around the regenerator 20 the space beneath the regen-
erator 20 is heated and the space above the regenerator
20 cooled. Air flow through the ports 8 mixes with the
gas in the resonance tube 3 and gives heat to the gas in
the resonance tube 3 above the regenerator 20. The heat
sink 21 removes the build up of heat beneath the regen-
erator 20.

Typically the level of the shallow pool 22 of circulat-
ing water in the heat-sink 21 is controlled by a float
valve (not shown). A water inlet and outlet for the pool

- 22 includes non-return valves (not shown) and the gas

15

ing a resonance tube of length about 1 m has a repetition
frequency of around 200 Hz. The regenerator 4 in-

creases the efficiency of the heat engine 1 by increasing
the temperature of the top end of the resonance tube 3

and increasing the amplitude of the oscillations pro-

duced.

The heat engine 1 just described may be used to pro-
vide the mechanical energy input for a pressure swing
gas separator and, in this case, as shown in FIG. 1 a
shallow bed 16 of a zeolite which preferentially adsorbs
nitrogen is placed towards the lower end of the reso-
nance tube 3 and the base of the resonance tube is closed
by a plate 17 including a gas outlet 18. During resonant
oscillation in the resonance tube 3 as the air moves
forwards into the zeolite bed 16 nitrogen is preferen-
tially adsorbed by the zeolite. As the air moves back-
wards a reduced pressure is created and the gases ad-
sorbed onto the surface of the zeolite are desorbed so

- that air rich in nitrogen is desorbed. As a result of the

finite displacements of ga that occur during oscillation
the average pressure inside the resonance tube 3 is
greater than atmospheric so that a flow of gas passes
- through the zeolite bed 16 resulting in a flow of gas out
- of the output 18 which is rich in oxygen whilst the flow

20

23

30

35

of gas out of the ports 8 and through the lower part of 40

the chamber 5 is rich in nitrogen.

The heat engine 1 may alternatively be used to pro-
vide the mechanical energy to drive a heat pump 19. A
heat engine driven heat pump has an overall coefficient
of performance (COP) where

__ low grade heat out
CoP = high grade heat in

in excess of unity, provided that the adiabatic tempera-
ture ratio of the former significantly exceeds that of the
latter. The heat output may also be directly supple-
mented by heat rejected from the heat engine 1. The
heat pump part 19 of the apparatus comprises a regener-
ator 20 which is made from a non-metallic honeycomb
-~ which 1s typically made of glass or glass-like material

- and a heat sink 21. The heat sink 21 is formed by a
shallow pool of water 22 in the large diameter end of
‘the resonance tube 3 and metallic fins 23 in thermal
contact with the shallow pool of water 22 extend into
the resonance tube 3 towards the regenerator 20. Air,
which in this case provides the low grade source of heat
enters and leaves through the ports 8 and heat is ex-
tracted from this air by the heat pump 19 and trans-

ferred to the water 22 in the heat sink 21.
- Thus, in operation, gas oscillations are induced by the
heat engine 1 inside the resonance tube 3. These oscilla-
tions provide the driving power for the heat pump 19
including the regenerator 20. As the gas oscillates

45
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oscillations set up in the resonance tube 3 act on the

surface of the water in the pool 22 and cause circulation
of the water through the inlet and outlet non-return
valves. Typically the water outlet temperature is about
40° C. and this can be used as a source of domestic hot

- water or a source of hot water for driving a central

heating system. Typically a haser as shown in this exam-
ple 1s mounted in the roof space of a house which is
ventilated in the winter to allow air from the atmo-
sphere to provide the source of low grade heat entering
and leaving the ports 8. If desired to cool the building
during the summer months, ventilators for the roof
space would be closed and ceiling louvres opened to

‘allow the cold air generated by the haser to gravitate

into the house. In this case the hot water discharged
from the heat sink 21 is, after the needs for domestic hot
water have been supplied, passed to an atmospheric
heat exchanger out of doors to dissipate the heat gener-
ated in the haser before being recirculated. The target
value of the COP for such a haser would be 2 in the
heating mode.

The details of the gas resonance dynamics, the desir-
ability of the ogival shape of the resonance chamber, a
discussion on the wall friction losses, and a discussion
on the characteristics of the regenerator 20 will now be
provided.

The Dynamics of Gas Resonance

It is necessary to develop a quantitative treatment of
gas motions in order to design a haser. Linear elastic
displacements of a uniform solid or fluid in a parallel
configuration (FIG. 4ad) are governed by the well-
known equation: :

(D

2%a_

ax2

a2

it

where a is displacement at reference distance x, t is time
lapse and c is velocity of sound. Fora stan'ding wave 1n
a tube with closed ends where cross-section is also uni-
form, a is proportional to:

et
1

. X .
SlIIl sSin

The corresponding governing equation for spherical '

symmetry, applicable to oscillatory flow in a truncated
cone, has been known since the times of Cauchy and

‘Poisson, and is:

3231"{1! . (.‘2 ﬂzsrﬂ! (2)
art ar

where r is deﬁned as in FIG. 4b. In both cases
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YPo
¢ = \I ,
Po

where v is the ratio of specific heat and p, is the mean
pressure at which density is p,. When the cone is trun-

cated at the radii b and a it may readily be verified that

a standing wave solution with arbitrary constant A is:

Al . om . et (3)
m—-——w_ sm—I (r — b) sin 7
so that: |
. qr
sin == (r — b)
a = A 1 mct

r |
1

which becomes zero both at r=b, and r=a since
a-b=1. It is convenient in the following to put:

T _ g, Z2_g, 2 _g, ZA _, and @
1 | 1 1
sin(f — &,)sin w?
. — w, so that: 8’ = ,u.-—(-—L—
1 e
@’ 1s a maximum when
20’
20 =0,

hence when @=tan (6--0,), which can be solved in
terms of 6, for particular values of 8, as in FIG. 5, not-
ing that

0 — 6,
"

b .Bn
a +9ﬂ aﬂdT—

¥

where d is the distance of the maximum position from

the small end.
Neglecting second order sma]l quantltles it may be

shown that the instantaneous density ratio is:

-1
i

e |
sin(@ — 8,)

I:l -+ -‘%cns wi (cns(ﬁ — 0y + B e—

r
-1

)]

which is unity when 6 =-tan (0-8,), and is solved in the
same way to calculate d'/1 with results plotted in FIG.
5. It is seen that maximum displacement and velocity
occur at a position displaced from the midpoint towards

the small end of the cone, and the density and pressure

null point is displaced by a corresponding distance
towards the large end. |
The extreme values of p, from equation 5 are obtained

when cos wt and cos (0 —6,) are both *1, so that vol-
ume compression ratios m, and m; may be defined,

relating to the small and large ends respectively. Then:

(6)

c:-l:n
& |::;

+

|
I

l
::-]h;.
]

2 Iih.

(5
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If m,and b/ a are specified, A may be elnmnated by ther._--

deduction from equation 6 that:

moe — 1
me+ 1 °

4
b

Then:

+

nl:.-:- nltr-

my =

. e

Furthermore, it may be deduced from equations 3 or 4,
in combination with FIG. 5, for any point distance x
from the small end that:
- @®) o

sin —=
g T _ Mo~ 1 1

: e - T——
. | 43| = — 1
1 7

In particular, x=d for maximum displacement or veloc-_ .

ity, and x=d’ for the corresponding displacement or
velocity at the null point of density or pressure change.
However, when taking into account the finite displace-
ments as in the plot of extreme values of p/po against
x/1 shown in FIG. 6, it is seen that the actual value of
p/po at the null point is proportionally reduced relative -
to the unit reference value. The value of this propor- -
tional reduction Ap/po may be calculated from the
slope of the curves derived from equation 35, referred to

the null point and multiplied by the relevant displace- o

ment. Thus

2 e

A_E_:(cm )
Po 1

obtained from equation 8 with x=d’. It may be noted -

~ from this that there is an equivalent excess mean density

45

>0

55

65

and pressure for open cycle applications, since inflow
and outflow must be balanced. :

The preceding analysis is based as stated upon linear-~ =

elastic relationships, which are realised with gases only
for small displacements. Adiabatic behaviour is non-lin-
ear, but the effects of the non-linearity have been exten-
sively studied for free piston applications, and found t

be significant only for high compression ratios, which

are themselves marginally increased from values calcu-
lated by linear elastic methods, and time rates of change =
are momentarily increased, so that frequencies are -

somewhat higher than calculated. The linear. theory
successfully predicts the location of the pressure null . =
~ point in experiments with the oscillating haser, but ob-

served resonant frequencies are higher than predicted

wvalues, consistent both with the aforementioned non-

linearity of adiabatic gas compression, and the increase -

of sonic velocity with temperature in the upper part of |

the resonance tube. It may therefore be claimed that the
theory as presented is sufficiently accurate to be used
with confidence, and that corresponding proportional -
adiabatic excursions of pressure and absolute tempera-
ture may be obtamned from the proportional density
excursions by raising the latter to the powers ¥ and

y — 1, respectively.
Coefficient of Performance |
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Smce the Carnot thermal efficiency at the heated end,

determined from the ratio of absolute temperatures in
the cycle, is -

mg""l — 1

mg'_l

¥

and the correSponding heat pump gain, determined
from the ratio of absolute temperatures in the cycle at
the absorber end, is:

m?’"l
m?’_l ~1

it follows that the idealised coefficient of performance
1S:

(10)

- With y=1.4 for air, this value for the example of FIG.
6 1s 2.77, but it will be modified by several factors.
Firstly, it can be argued that heat is not rejected at the
low temperature corresponding with expansion at the
“heated end, nor is it absorbed at a temperature corre-
sponding with full compression at the absorber end,
This is considered later with reference to the regenera-
tors where it is demonstrated that the function of the
regenerators is to lift the average temperatures at both
ends, so that the ideal is more closely approached.
Secondly, although a proportion of the wall friction
- heat could be recovered with a water jacket, as in the
case with heat rejected at the heat engine end, the for-
mer has to be provided as mechanical power subject to
‘the limited thermal efficiency of the heat engine func-
tion, and is subject thereby to substantial leverage. Me-

chanical power is also dissipated in the air entry and 40

discharge through the ports 7 and 8 but a proportion of
this 1s common to wall friction loss, since both are con-
cerned with the boundary layer.

The Ogival Shape Modification

The purpose of this for given end diameters is to
Increase the mass of oscillating gas, thereby to decrease
~ 1ts velocity for given volume compression ratios. The
effect is worth incorporation since friction loss is pro-

portional to the cube of velocity. A full numerical anal-

ysis would be feasible, but the effect is likely to be con-
tained adequately within a correction.

- The key to the correction procedure is found in the
first order dependence of natural frequency f on length
1, irrespective of shape, whether parallel, conical or
ogival, such that:

e e
f==3

Angular frequency o for an oscillating system is also
dependent upon:

where k is stiffness and m is mass so that, in the ogival
case, stiffness must be considered to be increased by the
same proportion as mass. The consequence of this is
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seen in FIG. 7, where there are three notional concen-
tric cones OA, OB and OC. OCA is that which contains
the diameters of the two ends, and OB circumscribes
the ogival curve. OC is an interpolation. It will be
recognised that the preceding theory is unchanged in
relation to the three cones, since all have the same ratio
b/a. Cone OC intercepts the ogival curve to define a
mass zone and two stiffness zones. If the diameter ratio
between OA and OC is 14-¢, 1t follows from consider-
ations of volume and cross-section area that the stiff-
nesses are also increased by the ratio 1+4e. However,
irrespective of the definition of e the enclosed volume
designated as mass is increased by a ratio in excess of 1
+2¢, and this anomaly can be explained in terms of the
hydrodynamic concept of virtual mass, which in this
case 1s negative because of velocities which are lower
within the enlarged cross-section. Since stiffness can be
calculated without ambiguity it is appropriate to con-
sider that both stiffness and apparent mass are increased
by 14-e, and that OC is defined as the neutral axis of the
ogival curve between the two ends (equal surface area),
such that BC=e/2. Then the ogival shape behaves in
relation to friction loss but not to compression ratio or
output as though it is a cone with diameters increased in
the ratio 14-¢, but with peak velocities decreased in the
ratio

]l 4- 2e

The effect of the ogival shape shown in FIGS. 1 and 2
is to reduce friction loss by 50% for circumstances
which are otherwise equivalent.

Wall Friction Losses |

In the absence of specific data for oscillatory flow in
cones, it is appropriate to consider steady state bound-
ary layer friction in a parallel pipe of equivalent length
and diameter. The friction coefficient crdepends upon
Reynold’s number and proportional surface roughness,
and is given by the standard data of Nikuradse. For the
Reynold’s numbers >10% and surface roughness <50
micron, a suitable value for cswould be 0.0035.

If the axial displacement in a cylindrical tube of ra-
dius R and half wavelength 1 is given by:

ad = Q,; Cos ﬂx COS w!
the axial velocity

Jo

the wall shear stress

pu’
7

and the local instantaneous work rate

pu?
=

. The average work rate W, integrated over the length

~ of the respect to time, is
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.4 .
3 >
2. f cos30df - 2 f sin3e - db
0 o |

Noting that the bracketed quantity is

W = wc]le-"ao:"

2
{2 __
T\ n2.5) ’
and evaluating the Gamma functions.
- 11
W = 0.566cpRlo’a,’ 4
puy’
= ¢HA , where u1 = 0.565 u,.

u, 1s the amplitude of axial velocity and A is total area of
wall.

energy of the gas in the tube, the accumulation of fric-

tion work over a half stroke i1s:
0.72 repr (12}
CM=ETTR

These considerations show that, although wall friction

10

15

14

erators are also above ambient because heat exchange

from compressed gas is more effectwe than from rar-:

efted gas. o
The most profound effect of the regenerators occurs

- at their ends near to the ends of the cavity, because in =~
these positions gas enters when expanded and cold and
receives heat. It leaves as it becomes compressed and - =
hot, so that the mean temperature at the ends of the.

cavity is significantly raised. The effect may be traced

with lines AA’ and FF'. The reverse effect occurs at the
inner ends of the regenerators, as seen from lines CC’

and DD'. The overall effect is that mean temperatures '

are significantly raised by as much as half the tempera-
ture amplitude outboard of the regenerators, and low-
ered by a smaller amount over a larger volume inboard -

of the regenerators. |
The regenerator length should exceed the gross dlS- .

placement at the preferred location, and the gap be-

90 tween the lower regenerator and the heat absorber -

Expresséd as a fraction 1 of the maximum kinetic

25

30

losses are a significant fraction of the developed me-

chanical power, they are containable particularly if the
ogival shape 1s incorporated.

Characteristics of Regenerators

Regeneratcrs have been used since Stirling cycle

35

engines were first constructed, and it 1s accepted that

they confer large increases of efficiency. Their function

as thermal filters is to store heat acquired at one part of

a reciprocating cycle as gas is passed during an adia-
batic volume change, and to return it to the gas as the
cycle is reversed. Their two essential properties are thus
a large surface area exposed to the gas, coupled with a
small thermal conductivity in the direction of gas mo-
tion. Typically they have the form of stacks of spaced
non-metallic plates since these are efficient with regard
to gas friction losses and heat transfer. |

The beneficial use of regeneration in the present case
may be seen from a plot of extreme values of adiabatic
temperature change (FIG. 7) developed from the corre-
sponding plot of density ratios in FIG. 5. The sloping

40

435

50

lines in FIG. 7 quantitatively depict the paths taken by

packets of gas undergoing adiabatic temperature
changes, but in a reversible manner for simplicity, since
in practice the lines would be loops accounting for heat
transfer. The positions of regenerators 3 and 4 are
shown, and it may be noted that these do not extend to

55

the ends of the resonance tube where the heat transfer

surfaces are placed. The gaps between are sufficient to
avoid thermal contact. |

The lines BB’ and EE’ represent gas packets which
always remain within the regenerators. These packets
pump heat against a temperature gradient by acquiring
it when expanded and cold at positions towards the
center of the cavity, and releasing it by heat exchange
when compressed and hot at positions towards the end
of the cavity. Thus, there are temperature gradients
within the regenerators, which slope up towards the
 ends of the cavity. The mean temperatures of the regen-

60

63

should be the practical minimum. An optimal criterion

for the regenerator material is that the conductive heat

penetration depth for each cycle should not exceed the

strip thickness, and this is stated from the relevant tran-

sient heat flow treatment as:

a3

2a

1~2

For t=0.1 mm and w=817/sec, this indicates a pre-

ferred thermal diffusivity a approximately equal to B

10—2cm?/sec, would be satisfied by glassy materlals

Metals are too conductlve

I claim: | -
1. A thermally driven gas resonance device compris- -

Ing:

an elongated resonance tube (3), said resonance tube SR
‘having a first end portion and a second end portion
and expanding in cross-section along its length

from said first end portion to said second end por-
tion; |

a pulsed heat source (2), sald heat source being lo- .
cated at said first end portion of said resonance

tube; and,
means for triggering oscillations in a gas in said reso-

nance tube, wherein said resonance tube has an

ogival shape in longitudinal section such that,
‘when viewed in cross-section, said walls of salcl .
resonance tube are curved; . -
- wherein said heat source and said means for tngger- -

ing said oscillations in said gas in said resonance

tube are both formed by a pulsed heat source, said
pulsed heat source having a pulse repetition fre-
~quency corresponding to a resonant frequency of

said gas resonance tube;

wherein said pulsed heat source includes:

a valve (10) having an input side and an output sn:le

means for supplying a mixture of air and one of an
inflammable gas and vapour, to sald mput side of
said valve; -

| a flame trap (11), said flame trap being located down-.-"- - h . '

stream of said output side of said valve; and, ..
an ignitor (14), said ignitor being located in said reso-
nance chamber downstream of said flame trap ini-
tially to ignite said mixture in said first: end portlon-_ h
of said resonance tube. |
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- 2, The gas resonance device of claim 1, \#herein said

valve comprises a tuned non-return valve (10), said
tuned non-return valve having open and closed states
and in response to pulsed combustion, oscillating be-
tween said open and closed states to admit bursts of said
mixture into said first end portion of said resonance tube
- for subsequent ignition. o |
3. The gas resonance device of claim 2, wherein said
pulsed heat source also includes an indirect heater lo-
cated at said first end portion of said resonance tube.
4. A thermally driven gas resonance device compris-
ing:
an elongated resonance tube (3), said resonance tube
having a first end portion and a second end portion
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and expanding in cross-section along its length
from said first end portion to said second end por-
tion; o |

a heat source (2), said heat source being located at

said first end portion and said resonance tube; and,

means for triggering oscillations in a gas in said reso-
nance tube, wherein said resonance tube has an
ogival shape in longitudinal section such that,
when viewed i1n cross-section, said walls of said
resonance tube are curved;

wherein a regenerator 4 is located in said resonance

tuberadjacent but out of contact with said first end

portion.
£ % % Xx %
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